Studies of Spinacia oleracea L. were undertaken to characterize further how Mg2`external to the isolated intact chloroplast interacts with stromal K+, pH, and photosynthetic capacity. Data presented in this report were consistent with the previously developed that Mg" impairment of stromal alkalization is likely the result of altered H+ fluxes across the chloroplast envelope; altered H+ pumping across the thylakoid membrane is thought not to be involved.
Mg2+ external to the chloroplast has been shown to have regulatory effects on the photosynthetic activity of isolated chloroplasts. Several aspects of this interaction have been abundantly clear for quite some time. Photosynthetic inhibition in isolated, intact chloroplasts incubated in solutions containing millimolar unchelated Mg2+ is associated with impaired stromal alkalization and altered stromal K+ levels (2, 3, 11, 12, 14) . High stromal pH (i.e. light-induced alkalization) is a critical regulator of several enzymes of the photosynthetic carbon reduction cycle and, hence, is required for maximal photosynthetic activity (9) . It has been asserted, therefore, that the low stromal pH induced by external Mg2+ is the direct cause of photosynthetic inhibition in the presence of external Mg> (2, 11, 14) . These studies have also shown that Mg" impairment of stromal alkalization is likely the result of altered H+ fluxes across the chloroplast envelope; altered H+ pumping across the thylakoid membrane is thought not to be involved.
Mg2+ effects on H+ movement across the chloroplast envelope are known to be linked to K+ counterflux (2, 11, 14) . However, the specific molecular mechanisms that facilitate fluxes of those monovalent cations and allow for Mg2> regulation of the system are not well characterized. Work from this laboratory (21) has established that it is not Mg2+ external to the chloroplast but rather Mg> bound or associated with the chloroplast envelope that exerts the regulatory effect. It is also clear from several different lines of evidence ( 19, 21 ) that millimolar levels of free external Mg> can greatly affect chloroplast metabolism even though Mg2+ movement across the envelope into the stroma does not occur under these conditions.
Two hypotheses have been presented in the literature regarding the specific mechanisms that allow for Mg2+ regulation of H+/K+ counterfluxes. The results of work by Huber and Maury ( 11) and Maury et al. (14) suggest that H+ and K+ movement across the chloroplast envelope both occur via a specific antiport enzyme. They postulated that this transport protein, when activated, can facilitate either K+ influx/H+ efflux or K+ efflux directly linked to H+ influx. These researchers speculated that Mg2+ external to chloroplast activates this antiport enzyme and impairs stromal alkalization in the presence of low external K+ due to net K+ efflux from the stroma (coupled directly to H+ influx). Demmig and Gimmler (2, 3) speculated that other mechanisms facilitate K+ and H+ fluxes across the envelope and that Mg2+ may influence this system in a different manner. They proposed that a Donnan system (fixed negative charges) develops in the stroma ofthe illuminated chloroplast, increasing the Em2 (inside negative) between the stroma and extrachloroplast medium. They concluded that this Donnan systemgenerated Em drives monovalent cation influx. At 
Chloroplast Isolation
Intact (routinely >90%) chloroplasts were isolated from spinach using procedures described previously (21) . Briefly, leaves were homogenized in 50 mL grind medium containing 0.33 M sorbitol, 50 mm Hepes-NaOH (pH 6.8), 2 In some experiments K+ movement into or out of the chloroplast was measured (in contrast to total stromal K+). For these studies, 86Rb+ was used as a radiolabeled analog of K+, and chloroplasts were incubated in silicone oil microcentrifugation tubes under the general conditions described above, with additions to the reaction medium as noted in the text. For measurement of K+ uptake, chloroplasts were incubated in photosynthetic reaction medium with both K+ and 86Rb+ added as the chloride salts. Both [K+] and 86Rb+ specific activities are noted for each experiment in table headings and figure legends. Results are expressed as nanomoles K+ taken up into the stroma per milligram Chl; the radiolabel associated with the chloroplasts in the HC104 fraction of the silicone oil microcentrifugation tubes was converted to nanomoles of K+ by calculating the specific activity (Ci 86Rb+/mol K+) external to the chloroplast in each experiment. 86Rb+ in the HC104 fraction was measured using liquid scintillation spectrophotometry assuming 100% counting efficiency.
K+ efflux from chloroplasts was measured by preloading chloroplasts with 86Rb+ and then incubating them in photosynthetic reaction medium before silicone oil microcentrifugation. 86Rb+ efflux was ascertained by measuring the 86Rb+ retained in the chloroplast (i.e. in the HC104 fraction after microcentrifugation) after varying durations of time. Chloroplasts were preloaded with 86Rb+ during the isolation procedure. After the first centrifugation, the pelleted chloroplasts were resuspended in 5 mL grind medium which had 10 mM KCI and 20 tCi 86Rb+/mL added. The chloroplasts were incubated in this solution for 30 min at 0 to 2°C and then removed from this medium by centrifugation through the 8-mL 40% Percoll step gradient. For all pertinent studies (e.g. stromal K+, Em), the stromal volume and sorbitol-permeable space were measured on aliquots of the chloroplast preparation subjected to the various treatments. For all experiments that involved the measurement of the stromal level of a compound, the amount calculated to be in the (extrachloroplastic) sorbitol-permeable space of the chloroplast pellet was subtracted from the total amount in the HC104 fraction of the microcentrifuge tubes.
Mg2' Treatments
Chloroplasts were subjected to two different types of high Mg2+ treatments in the experiments described in this report. In some cases, 5 mM Mg24 (as a chloride salt) was added to the standard reaction medium. It should be noted that the standard reaction medium already contained 1 mM Mg2+, 1 mM Mn2+, and 2 mm EDTA. As discussed previously (21), the levels of free (i.e. unchelated) Mg2" and free EDTA in this solution were estimated to be 44.7 nM; free Mn24 is essentially zero. Therefore, incubation in this medium subjects chloroplasts to a very low level of free Mg2+ (and total divalent cations). Adding an additional 5 mm Mg24 to this medium, then, exposes chloroplasts to a relatively high level of free Mg2+, which chlorotetracycline fluorescence studies (21) have indicated causes a marked increase in chloroplast envelopebound Mg+.
A second method of high Mg+ treatment involved a transient incubation of chloroplasts in medium with high Mg 2 and removal from this medium before the use of the chloroplasts in subsequent studies. In this case, during the isolation procedure, chloroplasts were resuspended in 5 mL grind medium to which 5 mm Mg`had been added and were incubated at 0 to 2°C for 5 min. Chloroplasts were then centrifuged (750g for 50 s) again, and the pelleted plastids were resuspended in 8 mL standard grind medium and centrifuged (2000g for 1 min) through the 40% Percoll cushion as described previously. This procedure allowed for an increase in chloroplast envelope-bound Mg+ (as assayed using both 28Mg2+ and chlorotetracycline fluorescence; 21) and yet also facilitated the quantitative removal of the chloroplasts from solutions containing high levels of free Mg+. For experiments involving this "Mg2+ wash" treatment, control chloroplasts were "washed" by incubation in standard grind medium at 0 to 2°C for 5 Figure   2 . High envelope Mg2`did reduce stromal K+ concentration (Fig. 2) . As noted previously, photosynthetic inhibition and lower stromal pH result from exposure of chloroplasts to high Mg+. inhibition of photosynthesis (Table I ). The presence of monovalent cations in the reaction medium was found previously to have no effect on the interaction of Mg>+ with the chloroplast envelope (21 (Fig. 2) , the results of further work examining Mg2+ effects on K+ fluxes across the chloroplast envelope were not consistent with the model developed by Huber and Maury (11) and Maury et al. (14) . In no case was high envelope-bound Mg2> or high external free Mg2+ found to stimulate a K+/H+ antiporter; i.e. increase the rate of K+ flux across the plastid envelope. The net effect of a lower stromal [K+] due to external Mg2> as shown in Figure 2 could be caused by either a Mg2+-induced increase in the rate of K+ efflux or an inhibition in the rate of K+ uptake.
Treatment effects on K+ efflux were studied by preloading intact chloroplasts with 86Rb+ and then measuring 86Rb+ loss from chloroplasts after transfer to Rb+-(and K+-) free medium (Table II) . In two separate experiments, the presence of Mg2> in the external medium had virtually no effect on the rate of 86Rb+ efflux from chloroplasts. In contrast, high external Mg2+ did have an effect on 86Rb+ (i.e. K+) uptake into chloroplasts. In the experiment shown in Table III shown that Mg2" interaction with the exterior surface of a cell membrane can restrict K+ influx through ion channels (6, 16, 22) . On a theoretical basis, divalent cation regulation of inward current through K+ channels can be facilitated by two different membrane:cation interactions. As delineated in the Gouy-Chapman-Stern theory, Mg2+ could act by binding to fixed negative charges on the membrane and altering its surface potential or by exerting a screening effect on the negative surface charge of the membrane (15) .
Binding involves direct chemical absorption of a cation to the negatively charged sites on the membrane, and screening is the result of electrostatic attraction of the cation to an area near the sites (17) . The fixed negative charges near the outer pore of a K+ channel could theoretically interact with a divalent cation in either manner, thus restricting K+ flux into the interior ofthe biomembrane (17) . Either interaction would affect K+ currents. Overall flux through the channel is a function of both the electrical driving force across the channel (Mg2 binding would reduced the surface potential and thus decrease this component of the driving force for K+ influx) and the local concentration of permeant ion (i.e. chemical gradient) at the channel pore (17) . Mge screening at the channel pore would reduce the latter component. Mge binding to the negatively charged moieties on the membrane surface would reduce both components.
We speculated that, in the case of the chloroplast envelope, Mg> could restrict K+ flux into the stroma by either or both of the afore-mentioned mechanisms. This hypothesis seemed plausible in light of our recent work in which we postulated the presence of K+ channels in chloroplast envelopes (18) .
It should be noted that, in addition to the negatively charged phosphate "head" groups of phospholipids, acidic carbohydrate moieties of glycolipids can contribute significantly to the total fixed negative charges on membrane surfaces that exert gating properties and alter localized [K+] at the pore of K+ channels (17) . Interestingly, the chloroplast inner envelope is composed primarily of polar lipids with a particularly high (i.e. nearly 50%) fraction of the total lipid made up of the glycolipids mono-and digalactosyldiacylglycerol (4) . Also consistent with the hypothesis regarding the nature of Mg>2 interaction with the chloroplast envelope and resultant effects on K+ currents through channels is the work done previously in this laboratory in which we examined the 28Mg2+ association with the chloroplast envelope (21) This level of Mg> association with the chloroplast envelope is more on the level ofthe "uniformly smeared surface charge" which is postulated in the Guoy-Chapman-Stern equation to be responsible for divalent cation effects on membranes ( 17) .
Several experiments were undertaken to test the hypothesis that Mg> restriction of inward K+ currents across the chloroplast envelope was mediated by the afore-mentioned binding and/or screening effects. Mg> effects on K+ influx were compared with the effects of the divalent organic cation dimethonium and the trivalent cation La3+. Dimethonium has been shown to exert only a screening effect on the surface potential (15) ; it has been demonstrated that this cation has an exceedingly small binding constant with lipid membranes (15, 17) . If Mg2+ restriction of K+ influx was due only to screening at a K+ channel pore, dimethonium should mimic the effect of Mg2>. Experimental evidence has supported this assertion; dimethonium has been found to mimic the effects of divalent cations and alter currents through certain types of K+ channels when the action of the divalent cation was attributed to negative surface charge screening (5) . With other membrane systems, dimethonium was found not to duplicate the effects of divalent cations, which were predicted to bind to negative charges on the membrane surface (1).
In the Gouy-Chapman-Stern equation (13, 15) describing cation effects on the surface potential of biomembranes, the equilibrium constant for cation binding is affected by cation valence in an exponential manner. This relationship predicts that monovalent cations will have negligible effects as compared to divalent cations, and the presence of divalent cations on the membrane surface at the pore ofan ion channel should severely restrict monovalent cation influx. This prediction has Table IV . In both experiments, the presence of external Mg2+ was again found to reduce K+ (86Rb+) influx into chloroplasts. Dimethonium was found to have no effect at all on K+ uptake. In these experiments, chloroplasts were exposed to lower concentrations of La3+ (2 mM) than Mg2e (5 mM). However, in both experiments K+ uptake was reduced from control levels to a greater extent with La3+ than with Mg2+ (Table IV) .
Polyvalent cation effects on photosynthesis were also studied (Table V) . The Mg2+ inhibition of K+ influx (Table IV) was associated with a substantial inhibition of photosynthesis (Table V) . However, in three separate experiments, photosynthesis was more sensitive to La3+ than Mg2+ (Table V) understanding of exactly how Mg2" external to the chloroplast impairs stromal alkalization (i.e. net H+ influx). The work presented in this report, unfortunately, has not resolved that research problem. However, two current theories regarding this effect were critically evaluated; neither was fully consistent with the results reported here.
The results reported in this study do offer a new perspective with which external Mg2" effects on chloroplast physiology can be examined. It has been shown that photosynthetic inhibition in the presence of external Mg2" is likely due to the interaction of the metal ion with the exterior surface of the membrane. One clear effect of Mg2" binding to the envelope is an inhibition of K+ uptake. However, the data reported here support the results of previous studies (2, 11, 14, 18) in that Mg2e inhibition of photosynthesis was demonstrated to be caused directly by stromal acidification. The data suggest that Mg2+-induced stromal acidification is not due to the action of a Mg2+-activated K+/H+ antiporter or to changes in the ionic strength of the bulk solution external to the chloroplast but possibly due to the metal ion's effects on the current through monovalent cation channels in the envelope.
It should be noted that Mg2+ effects on both stromal pH and photosynthesis are modulated equally well by K+ or Na+ (14) . The reaction media used in the experiments reported here contained approximately 25 mM Na+ (due to HCO3, EDTA, and P04 addition as Na+ salts and pH adjustment with NaOH). Mg2+ effects on stromal pH and photosynthesis are likely mediated by Mg2+ modulation of either Na+ or K+ uptake. This hypothesis will be addressed in further studies.
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